Synaptic vesicles from mammalian brain are among the best characterized trafficking organelles. However, so far it has not been possible to characterize vesicle subpopulations that are specific for a given neurotransmitter. Taking advantage of the recent molecular characterization of vesicular neurotransmitter transporters, we have used an antibody specific for the vesicular GABA transporter (VGAT) to isolate GABA-specific synaptic vesicles. The isolated vesicles are of exceptional purity as judged by electron microscopy. Immunoblotting revealed that isolated vesicles contain most of the major synaptic vesicle proteins in addition to VGAT and are devoid of vesicular monoamine and acetylcholine transporters. The vesicles are 10-fold enriched in GABA uptake activity when compared with the starting vesicle fraction. Furthermore, glutamate uptake activity and glutamate-induced but not chloride-induced acidification are selectively lost during immunoisolation. We conclude that the population of GABA-containing synaptic vesicles is separable and distinct from vesicle populations transporting other neurotransmitters.
Synaptic vesicles, the presynaptic storage compartment for neurotransmitters, are presently the best characterized trafficking organelles. More than a dozen membrane proteins that perform specific functions in membrane trafficking are known to be specific to synaptic vesicles (Südhof, 1995) . These include the synaptobrevins/vesicle-associated membrane proteins (VAMPs) that mediate membrane fusion, the synaptotagmins that are involved in transmitting the Ca 2ϩ signal to the exocytotic apparatus, synaptophysin, synaptogyrin, and secretory carrier membrane proteins whose functions are not yet known, small GTPases of the rab family that are probably involved in vesicle attachment, and the vacuolar H ϩ -ATPase, which is responsible for intravesicular acidification. Most of these proteins are represented by multiple isoforms that are differentially expressed within the CNS and peripheral nervous system. From numerous immunocytochemical and electron microscopic studies, it can be concluded that at least one member of each protein family is present on every synaptic vesicle within the nervous system (Südhof, 1995) .
Despite the similarities in their overall protein composition, synaptic vesicles are distinguished by their neurotransmitter content. The neurotransmitter phenotype is defined by at least three components: the biosynthetic enzyme(s) that generate high concentrations of the transmitter within the presynaptic cytosol, the vesicular carriers specific for the transmitter that are driven by a proton electrochemical potential, and the reuptake systems in the plasma membrane that use the energy provided primarily by the transmembrane sodium gradients Liu and Edwards, 1997; Masson et al., 1999) . Transmitter specificity requires an appropriate combination of these components. For instance, the vesicular monoamine transporter transports all monoamines relatively indiscriminately. It then depends on the biosynthetic enzymes whether the neuron is dopaminergic or noradrenergic (Liu and Edwards, 1997) . Similarly, the vesicular GABA transporter (VGAT) is also responsible for glycine uptake in glycinergic neurons (Burger et al., 1991; Christensen et al., 1991) . Probably, the biosynthetic enzyme glutamic acid decarboxylase (GAD), which is concentrated on the vesicle surface (Reetz et al., 1991) , creates high amounts of GABA that are preferentially loaded into the vesicles in GABAergic neurons (Angel and Fleissner, 1983) . In contrast, the vesicular glutamate transporter transports glutamate much better than aspartate and thus discriminates between these two transmitter candidates.
In recent years, several of the vesicular neurotransmitter transporters have been characterized at the molecular level (Liu and Edwards, 1997; Masson et al., 1999) . In 1992, two genes coding for vesicular monoamine transporters (VMATs) were identified by expression cloning strategies (Erickson et al., 1992; Liu et al., 1992) . Furthermore, mutants of Caenorhabditis elegans defective in the vesicular acetylcholine transporters (VAChT) and VGAT (unc-17 and unc-47, respectively) allowed for the cloning of the corresponding genes from nematodes and mammals (Alfonso et al., 1993; McIntire et al., 1997; Sagne et al., 1997) . Sequence and structural comparison revealed that the monoamine and acetylcholine transporters are related to each other, whereas VGAT belongs to a different gene family. In agreement with its substrate specificity (see above), VGAT is expressed in both GABAergic and glycinergic neurons (Chaudhry et al., 1998) . The vesicular glutamate transporter has not yet been cloned. However, two sodium-dependent transporters specific for proline (Renick et al., 1999) and phosphate (Chaudhry et al., 1998) , respectively, are localized preferentially to synaptic vesicles of presumably glutamatergic neurons. The functions of the vesicular pool of these transporters are unknown; they may represent a reserve pool of transporters that is incorporated into the presynaptic plasma membranes during high activity.
Presently, it is not known whether vesicles specific for a given neurotransmitter phenotype contain additional specific components. For instance, it has long been known that the shape of synaptic vesicles in inhibitory synapses is different from that of vesicles in excitatory synapses. This difference is evident under certain fixation conditions (Gray, 1959) , but its molecular basis is unknown. Furthermore, detailed studies of the mechanisms of vesicular neurotransmitter uptake reveal differences between the individual transporters. For instance, the monoamine and GABA transporters operate as proton exchangers, whereas the glutamate transporter is primarily driven by the membrane potential Liu and Edwards, 1997) . In addition, it is unknown how charge and osmotic balance are maintained during transport; it may involve additional elements such as compensatory ion channels. A major problem in identifying such components is caused by the fact that hitherto there has been no method available for isolating neurotransmitter-specific vesicles from mammalian CNS. Thus, the study of transmitter-specific synaptic vesicles was confined to few specialized model systems, such as acetylcholinergic vesicles from electric organs of eels (Whittaker, 1984) and enriched vesicle fractions isolated from peripheral sympathetic nerves.
In the present study, we report the immunoisolation of GABAergic synaptic vesicles from rat brain using an antibody specific for the vesicular GABA transporter. The resulting vesicle fraction is of exceptional purity, ϳ10-fold enriched in vesicular GABA transporter but virtually devoid of other vesicular transporters, and functionally active. Our findings document for the first time that GABAergic vesicles are indeed equipped only with the molecular machinery required for GABA uptake and thus are finally responsible for defining the GABAergic phenotype of a neuron.
MATERIALS AND METHODS

Plasmids and antibodies.
The following peptides, all based on the predicted sequence of rat VGAT (McIntire et al., 1997) , were synthesized and coupled to keyhole limpet hemocyanin using standard procedures (Schneider et al., 1983) : CAEPPV EGDIHYQR [amino acid (aa) residues 75-87, VGAT/1], CDDLDF EHRQGLGD (aa residues 48 -61, VGAT/3), and C SL EGLI EAYRTNAED (aa residues 511-525, VGAT/ 4). The sequences corresponding to VGAT/1 and VGAT/3 are located at the N-terminal cytoplasmic domain, and that corresponding to VGAT/4 is located at the C -terminal cytoplasmic domain. Immunizations and serum collections were performed by commercially available services (Eurogentec, Seraing, Belgium). All antibodies were affinity-purified on the corresponding peptide immobilized via cysteine residue to Thiopropyl Sepharose 6B according to the instructions of the manufacturer (Amersham Pharmacia Biotech, Uppsala, Sweden). Antibodies specific for VAChT were generated by the same procedure using a synthetic peptide (CEDDYN YYSRS) as antigen. The rabbit serum was used without f urther purification.
Antibodies specific for V M AT2 were generated using recombinant protein fragments as antigen and will be described in detail elsewhere (Hoeltje et al., 2000) . The following monoclonal antibodies, all available from Synaptic Systems (Göttingen, Germany), were described previously: synaptophysin (Jahn et al., 1985) , synaptobrevin (VAM P) 2 (Edelmann et al., 1995) , synaptotagmin 1 (Brose et al., 1992) , synaptogyrin (Stenius et al., 1995) , and syntaxin . Furthermore, the following polyclonal antibodies were obtained from Synaptic Systems: synaptobrevin 1, synaptophysin, synapsin, synaptoporin, and the 116 kDa subunit of the vacuolar H ϩ -ATPase. The following antibodies were gifts: GAD (kindly supplied by Dr. P. De C amilli, Yale University, New Haven, C T) and SV2 (kindly supplied by Dr. K . Buckley, Harvard Medical School, Boston, M A).
For transfection experiments, first strand cDNA was generated from rat brain total RNA with SuperScript RT-PCR system and oligo-dT primer (Life Technologies, Gaithersburg, MD). The full-length of rat VGAT was amplified by PCR from the rat brain first strand cDNA using Pfu DNA polymerase and the primers 5Ј-CGGGATCCATAATGGCCACCC T-GC TCCGCAG-3Ј and 5Ј-CGTC TAGAGTCC TC TGCGTTGGT-TCGGT-3Ј. The amplified fragment was digested by BamHI and XbaI and was purified by gel electrophoresis. The fragment was subcloned into pcDNA3.1 (Invitrogen, San Diego, CA) at BamHI/XbaI sites, and the construct was then sequenced to confirm the identity with the published sequence (McIntire et al., 1997) . Cell transfection. tsA201 cells, which are H EK293 cells that are transformed to express an SV40 T antigen, were kindly provided by Richard Horn (Thomas Jefferson University, Philadelphia, PA). They were cultured in high glucose DM EM, supplemented with 10% fetal bovine serum, 100 I U/ml penicillin, and 100 g /ml streptomycin. Ten micrograms of either VGAT-pcDNA or pcDNA without insert were used for transfecting cells at 50% confluence on a 10 cm dish by means of the calcium-phosphate method. T wenty-four hours after transfection, the and analyzed by immunoblotting. For comparison, purified synaptic vesicles (SV ) were analyzed in parallel. All three antibodies recognized a doublet band (57 and 50 kDa) in both synaptic vesicles and transfected cells ( filled arrowheads). Note that some degradation was observed in the heterologous expression system (open arrowheads). B, VGAT copurifies with other vesicular transporters and the vesicle protein synaptophysin during the isolation of synaptic vesicles. Synaptic vesicles were purified using established procedures, with the following fractions being analyzed: Homogenate; P1, crude nuclear pellet; P2, crude synaptosomes (10,000 ϫ g pellet); S2, 10,000 ϫ g supernatant; LP1, 25,000 ϫ g pellet obtained after synaptosomal lysis; LP2, crude synaptic vesicles; Peak 1 and SV, large membrane and purified synaptic vesicles as separated by controlled-pore glass (CPG) bead chromatography, respectively (for details, see Huttner et al., 1983; Hell and Jahn, 1994) . cells were washed twice with ice-cold PBS and then collected. The resulting cell pellet was solubilized in 1% Triton X-100 containing PBS, and insoluble material was pelleted by 10,000 ϫ g for 15 min. The supernatant was used for immunoblot analysis.
Immunofluorescence. Adult female Sprague Dawley rats were anesthetized, perf used, and post-fixed as described by Mugnaini and Dahl (1983) , with modifications. Briefly, a rat was perf used transcardially with ice-cold 0.9% NaC l, followed by fixative (4% formalin, 0.9% NaC l, and 0.5% Z nC l 2 ). The cerebellum was dissected, and immersed in the same fixative overnight at 4°C. After rinsing in 0.1 M Tris-HC l, pH 7.2, the tissue was transferred to Tris-HC l containing 20% sucrose for overnight. Eight micrometer sections were then prepared using a cryostat. The sections were mounted on poly-L-lysine-coated glass slides and dried. Then they were incubated in PBS containing 3% goat serum and 0.3% Triton X-100 (GSDB) for 30 min and then incubated overnight at 4°C simultaneously with either affinity-purified anti-VGAT antibody (dilution 1:200)/anti-synaptobrevin monoclonal antibody C l 69.1 (1:2000), or anti-VGAT antibody/anti-GAD monoclonal antibody (1:50). The sections were washed with PBS and incubated for 1 hr at room temperature with a mixture of C y2-conjugated goat anti-mouse antibody and C y3-conjugated goat anti-rabbit antibody (1:100; Jackson ImmunoResearch, West Grove, PA) in GSDB. After being washed with PBS, they were coverslipped with mounting solution (Dako, Glostrup, Denmark) and analyzed by confocal microscopy on an L SM-410-invert (Z eiss, Göttin-gen, Germany). Images were processed using the Metamorph program package (Visitron, Munich, Germany).
Electron microscopy. The procedure was adapted from De C amilli et al. (1983) and Burger et al. (1989) . Beads were pelleted by centrif ugation and resuspended in 2% agarose in 0.1 M cacodylate buffer at pH 7.4. Thin agarose blocks were cut out, fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA) for 1 hr at room temperature, post-fixed with 1% OsO 4 in cacodylate buffer plus 1.5% K 3 Fe 3 (C N) 6 on ice, followed by a wash with H 2 O, and treated with 1% uranyl acetate. The samples were then dehydrated in ethanol and embedded in EM bed 812. After polymerization at 60°C for 48 hr, ultrathin sections were cut and stained with uranyl acetate and lead citrate. VGAT is present on a subset of synaptic vesicles. Immunogold labeling of synaptic vesicles purified through controlled-pore glass chromatography using anti-synaptophysin antibody (polyclonal) ( A), anti-VGAT antibody ( B), and preimmune serum ( C). D shows an overview of VGAT labeling at a lower magnification. Counting of labeled vesicles from several independent experiments revealed that ϳ16% of all small vesicular profiles were labeled with anti-VGAT antibody, whereas synaptophysin labeling was observed on virtually all synaptic vesicles. Scale bars: A, D, 100 nm. Comparison of the staining patterns for VGAT (E, H ) with those of synaptobrevin 2 ( F) and GAD ( I ) in sections of rat cerebellum. The staining patterns of VGAT and GAD are identical. In contrast, synaptobrevin 2 antibody stains many more nerve terminals than VGAT; this is particularly obvious in the molecular cell layer (MO). High-magnification overlays of VGAT (red) and GAD ( green) (J ), and VGAT (red) and synaptobrevin 2 ( green) (G) showing Purkinje cell bodies. GC, Granular cell layer; PC, Purkinje cell layer; MO, molecular cell layer. Scale bars: E, F, H, I, 50 m; G, J, 10 m.
For immunogold labeling, purified synaptic vesicles were adsorbed to glow discharged grids and fixed with a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1% potassium -sodium phosphate buffer, pH 7.4. Thereafter, labeling with diluted respective antibodies and 6 nm of protein A gold conjugates diluted at 1:1000 in 1% BSA in phosphate buffer were performed. The samples were post-fixed for 10 min with 2% glutaraldehyde in phosphate buffer, washed with H 2 O, rinsed with three drops of 1% uranyl acetate, and immediately dried with filter paper.
Immunoisolation. Affinity-purified VGAT-antibodies (VGAT/1) were conjugated to Eupergit C1Z methacrylate microbeads (1 m mean diameter; Röhm Pharmaceuticals, Darmstadt, Germany) as described previously (Burger et al., 1989) . Synaptophysin beads and control beads (glycine-inactivated) were prepared as described previously (Burger et al., 1989) . L P2 fraction (starting material) was incubated with beads for 2 hr at 4°C with constant rotation. After incubation, the beads were sedimented by centrif ugation at 10,000 rpm for 1 min and washed three times with PBS. Unbound membranes in the supernatant solution and the same amount of starting material were pelleted by 80,000 rpm for 20 min in TL A120.2 rotor. All membrane or bead pellets were resuspended in SDS-PAGE sample buffer for gel electrophoresis and immunoblotting, in PBS for electron microscopy, and in sucrose-based buffer (see below) for amino acid uptake assays. Synaptic vesicles were also purified according to a conventional procedure described previously (Hell and Jahn, 1994) .
Vesicular GA BA and glutamate uptak e assay. Uptake assays for glutamate and GABA was performed as described previously . The fractions obtained by VGAT bead immunoisolation were resuspended in 1 ml of assay buffer (0.32 M sucrose, 4 mM KC l, 4 mM MgSO 4 , and 10 mM H EPES-KOH, pH7.4). Aliquots (100 l) from each fraction were used for one assay sample. In parallel, the amount of synaptophysin in each fraction was quantified as described previously (Jahn et al., 1984) . Uptake activities were normalized to synaptophysin as a measure for the amount of synaptic vesicles.
Acidification assay. Either starting material (L P2) or immunoisolates (synaptophysin beads, VGAT beads, and control beads) were resuspended in acidification assay buffer containing 320 mM sucrose, 2 mM MgSO 4 , 2 mM MgC l 2 , and 10 mM 3-[N-morpholino]propanesulfonic acid, adjusted to pH 7.4 with KOH. The acidification assay for each fraction was performed as described by Hell et al. (1990) .
Immunoblot anal ysis. SDS-PAGE was performed according to Laemmli (1970) , and Western blotting was performed according to Towbin et al. (1979) . For detection, the appropriate secondary antibody or protein A (both conjugated to horseradish peroxidase; Sigma, St. L ouis, MO) was used at dilutions of 1:10,000 and 1:5000, respectively. After washing steps, the horseradish peroxidase was detected by enhanced chemiluminescence using a commercially available kit (Pierce, Rockford, IL). For synaptophysin, SV2, and synaptobrevin 2, a secondary antibody conjugated to alkaline-phosphatase was used (1:3000; Sigma) and visualized by a combination of nitro blue tetrazolium (0.33 mg /ml) and 5Ј-bromo-4-chloro-3-indolyl phosphate (0.17 mg /ml).
RESULTS
VGAT-specific antibodies recognize a subset of synaptic vesicles
To characterize GABAergic synaptic vesicles, we generated a panel of serum antibodies specific for VGAT. Rabbits were immunized with peptides corresponding to regions in the C-and N-terminal cytoplasmic tails of the transporter, respectively. After affinity purification, three of the sera recognized a major double-band in purified synaptic vesicles with a molecular weight expected for VGAT (McIntire et al., 1997) . Bands with an identical mobility were recognized in tsA201 cells transfected with VGAT cDNA, whereas no signal was detectable in mocktransfected cells. Unless indicated otherwise, all subsequent experiments were performed with VGAT/1 antibody.
We compared the enrichment of VGAT with that of other vesicular transporters during the purification of synaptic vesicles from rat brain. Synaptic vesicles were isolated from synaptosomes (P2 fraction) by differential and sucrose-gradient centrifugations, followed by chromatography on controlled-pore glass beads using established procedures (for details, see Huttner et al., 1983; Hell and Jahn, 1994) . As shown in Figure 1 B, VGAT copurified with VMAT2, VAChT, and synaptophysin, an ubiquitous synaptic vesicle membrane protein of unknown function.
Previous studies have shown that the major synaptic vesicle proteins are present on virtually all vesicles in a purified synaptic vesicle fraction (for review, see Südhof, 1995) . Furthermore, it is known that purified synaptic vesicles contain uptake activities for all classical (i.e., nonpeptide) neurotransmitters, suggesting that they are composed of a mixture of vesicles that are distinguished by their respective neurotransmitter transporters. To assess the proportion of synaptic vesicles containing VGAT, we performed immunogold labeling of our purified synaptic vesicle fraction. As shown in Figure 2 A-D, VGAT immunogold labeling was found only on a subset of synaptic vesicles, whereas virtually all vesicles were prominently decorated with synaptophysin antibodies. We determined the percentage of labeled vesicles in several independent experiments and found that ϳ16% of all vesicles in the preparation were positive for VGAT. This number, which is approximately within the expected range for the percentage of GABAergic nerve terminals, did not change when the antibody concentration was varied.
To confirm that the antigen recognized by our VGAT antibody is indeed specific for GABAergic nerve terminals, we compared its distribution with that of the GABA-synthesizing enzyme GAD by light microscope immunocytochemistry. In sections of the rat cerebellum, VGAT staining was prominent around the cell body of the Purkinje cells, particularly in the basket cell synapse at the axon hillock, which is known to be GABAergic (Oertel et al., 1981) . Furthermore, staining was also observed in the granular cell layer, whereas in the molecular cell layer, only sparse puncta were observed. The staining for GAD was virtually iden- tical. This confirms that VGAT and GAD are coexpressed in a subset of neurons (Fig. 2 H-J ) . In contrast, synaptobrevin, a ubiquitous synaptic vesicle membrane protein, is widespread, particularly in the molecular cell layer, which contains predominantly glutamatergic nerve terminals (Fig. 2 E-G) . These findings agree with previous observations (Chaudhry et al., 1998) . Under the conditions we used, it is possible to infer that our antibody specifically binds to the cytoplasmic tail of VGAT on the surface of synaptic vesicles.
Immunoisolation of GABAergic vesicles defines a functionally distinct subpopulation of synaptic vesicles
To isolate VGAT-specific synaptic vesicles from rat brain, affinity-purified VGAT/1 antibody was coupled to methacrylate beads (referred as VGAT beads). Methacrylate beads are nonporous and exhibit virtually no nonspecific binding of proteins or membranes (Burger et al., 1989) . We showed previously that synaptic vesicles isolated with this procedure using a synaptophysin antibody contain high concentrations of GABA and glycine (Burger et al., 1991) . As starting material, we used a resuspended LP2 fraction in PBS (Fig. 1 B) that is approximately eightfold enriched in synaptic vesicles but still contains some contaminating large membranes (Fig. 3D) Jahn et al., 1985) . VGAT beads were added to the suspension and, after an incubation for 2 hr, were isolated by centrifugation at 10,000 rpm for 1 min. For comparison, incubations were performed in parallel with inactivated beads containing no antibody (control beads) and beads containing synaptophysin antibodies. As revealed by electron microscopy of ultrathin sections of the isolated bead fractions, VGAT beads were uniformly covered with a homogeneous population of vesicular structures with the expected size (40 -70 nm) of synaptic vesicles (Fig. 3A) . Very similar results were obtained with synaptophysin beads (Fig. 3B) , whereas control beads were devoid of bound membranous vesicular structures (Fig. 3C) .
Next, we analyzed the protein composition of the bead-bound membranes by immunoblotting using a panel of antibodies specific for synaptic vesicle proteins. For comparison, the same relative amount of starting material, bead-bound, and unbound material were analyzed by SDS-PAGE and immunoblotting. The results are shown in Figure 4 . First, VGAT was almost quantitatively bound to the VGAT beads. Commassie blue staining showed that the VGAT bead fraction contained only a small percentage of starting material with most protein remaining in the supernatant solution. Second, the immunoisolates were completely devoid of VMAT2 and VAChT, demonstrating that no overlap exists between GABAergic and monoaminergic or cho- Figure 4 . Vesicles isolated on beads containing VGAT antibodies (VGAT Beads) are devoid of VAChT and VMAT2 but contain other synaptic vesicle proteins. The resuspended vesicle fraction (LP2) used as starting material (Input) was compared with the bead-bound material (Beads) and the material remaining in the supernatant after bead incubation (Sup). To allow for direct comparison, equal relative amounts of each fraction were separated in parallel. Figure 5 . VGAT immunoisolates are enriched for GABA uptake activity and impoverished for glutamate uptake activity. FCCP-sensitive GABA ( A) and glutamate ( B) uptake activities in LP2 (Input), unbound material (Sup), and bound material on VGAT beads (Beads) were measured using radiolabeled substrates and a standard filtration assay as described in Materials and Methods. All values were normalized to the relative amount of vesicle marker synaptophysin. The figures shows mean Ϯ SD values of at least two independent experiments (in each experiment, n ϭ 4). linergic vesicles. Third, VGAT immunoisolates contained all the major synaptic vesicle proteins tested (Fig. 4) . As evident from the figure and further confirmed by quantitative immunoblotting (data not shown), the relative proportions of these proteins were similar to the starting material (Fig. 4) and to synaptophysin immunoisolates (data not shown). Although it has been inferred previously from immunocytochemical studies that GABAergic nerve terminals contain most of these proteins (Südhof, 1995) , it was unclear whether these proteins were present in similar proportions as in other synapses. In addition to general trafficking proteins, such as synaptobrevins, synaptotagmins, and syntaxin 1, these include the vacuolar proton pump (here shown as the 116 kDa subunit), which generates an electrochemical proton gradient, thus providing the driving force for neurotransmitter uptake into synaptic vesicles.
The data presented so far suggest that immunoisolation of VGAT-containing vesicles resulted in a pure GABAergic vesicle fraction with only negligible contamination by vesicles specific for other neurotransmitters. To confirm that the immunoisolates represent a functionally separate subpopulation of synaptic vesicles, we assayed for proton gradient-dependent GABA uptake using a standard transport assay . Preliminary experiments (data not shown) revealed that the antibody did not inhibit uptake activity, a prerequisite for activity experiments. In addition, we also tested for glutamate uptake for two reasons. First, the vesicular glutamate transporter has not yet been identified at the molecular level and no antibodies are available. Because glutamatergic vesicles represent the largest vesicle pool in mammalian brain, it was important to determine whether they were present. Second, it has been suggested that glutamate serves as the direct precursor for vesicular GABA being converted by vesicle-bound GAD in a manner that may be linked to transport. As shown in Figure 5 , carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)-sensitive uptake activity for GABA is enriched ϳ10-fold on the VGAT bead fraction (enrichment normalized to synaptophysin), whereas glutamate uptake activity is primarily lost.
Finally, we also monitored vesicular acidification in response to glutamate and chloride using the pH-sensitive dye acridine orange. Previous work showed that glutamate uptake is associated with vesicular acidification, suggesting that it serves as a counterion in addition to chloride for the vacuolar ATPase . As shown in Figure 6 , both the starting material and synaptophysin immunoisolates showed glutamate-induced acidification. In contrast, no glutamate-induced acidification was observed in VGAT immunoisolates. Successive additions of chloride caused acidification in all fractions except the control beads, demonstrating that the loss of activity is not attributable to a loss of functionally active H ϩ -ATPase.
DISCUSSION
In the present study, we have shown that antibodies specific for vesicular neurotransmitter transporters can be used to quantitatively immunoisolate synaptic vesicles that are specific for the transmitter, with virtually no contamination by vesicles specific for other neurotransmitters. The vesicle subpopulation isolated with our VGAT antibodies is highly enriched for GABA uptake activity. This finding strongly supports the inference that VGAT is functioning as the GABA transporter in mammalian brain synaptic vesicles. Our data complement previous reports showing that expression of the transporter in a heterologous expression system (PC12 cells) Figure 6 . Comparison of ATP-induced acidification using glutamate and chloride as counterion in VGAT and synaptophysin immunoisolates. Acidification was monitored by double-wavelength spectroscopy using acridine orange as indicator dye. The reaction was started by adding ATP. At the end of the reaction, 20 mM (NH 4 ) 2 SO 4 was added to equalize the intravesicular pH with that of the medium . The bottom shows an immunoblot for the 116 kDa subunit of the vacuolar proton ATPase for each fraction. Note that, in this experiment, the recovery of V-ATPase was lower in the VGAT bead fraction than in the synaptophysin bead fraction, requiring higher amplification to obtain comparable signals.
leads to proton gradient-dependent GABA uptake in isolated membrane fractions (McIntire et al., 1997) . Furthermore, none of the other vesicular transporters was detectable in the bead fraction, implying that the transporters cleanly define functionally distinct vesicle subpopulations that do not overlap. None of the many other synaptic vesicle proteins characterized so far show such exclusive distribution (Fykse et al., 1993; Bajjalieh et al., 1994) . Particularly, it is noteworthy that incubation with radiolabeled glutamate did not result in the accumulation of radioactivity in the VGAT-specific vesicle fraction. Thus, not only do the glutamate and GABA carriers reside on separate vesicles but, at least in our preparation, there is no significant conversion of glutamate to GABA linked to transport. Although the GABAsynthesizing enzyme GAD is associated with the vesicle surface when analyzed by immunogold electron microscopy (Reetz et al., 1991) , it is easily lost upon subcellular fractionation. In fact, we could not find enrichment of GAD in VGAT immunoisolates (data not shown). The apparent loss of GAD, therefore, does not allow us to assess whether GABA uptake is facilitated by coupling with its biosynthesis.
The availability of purified fractions of transmitter-specific vesicles for biochemical studies permits us to investigate differences in the transport mechanisms of individual transmitters. As outlined in the introductory remarks, vesicular uptake of glutamate, GABA, and catecholamines is dependent on different components of the electrochemical proton gradient created by the vacuolar H ϩ -ATPase. Unlike any of the other transmitters, glutamate was shown to be cotransported with protons , resulting in a transport mode in which glutamate serves as a counterion for protons in a similar manner to chloride. It has been inferred, therefore, but never proven that glutamateinduced acidification is dependent on the vesicular glutamate transporter and thus is a specific feature of glutamatergic synaptic vesicles. Our data lend strong support to this hypothesis because glutamate-dependent acidification activity was absent in purified GABAergic vesicles. In contrast, GABAergic vesicles still displayed chloride-dependent acidification, suggesting that all synaptic vesicles contain chloride channels.
Our analysis has revealed that all the major synaptic vesicle proteins for which we have tested are present on GABAergic synaptic vesicle membranes. Moreover, a comparison of general protein staining patterns on electropherograms has revealed no obvious differences in banding. This sort of uniformity of vesicle membranes was inferred previously from immunocytochemistry but has never been systematically investigated. Of course, we cannot yet exclude the possibility that GABAergic vesicles contain other idiotypic proteins that are not resolved by onedimensional electrophoresis. However, at present, our findings are consistent with the notion that synaptic vesicles are biochemically homogeneous with respect to most of their constituents and thus that the mechanisms of exocytosis and vesicle recycling are the same for all neurotransmitter vesicles. Neurotransmitter vesicles become unique by virtue of the inclusion of selective transporters in their membranes.
